An aerobic, brown-pigmented, non-spore-forming, endophytic bacterium, designated strain Zy-3 T , was isolated from root nodules of Sphaerophysa salsula, a native leguminous herb belonging to the family Leguminosae growing in north-western China. As an essential element for micro-organisms (Loper & Buyer, 1991) , iron also plays an important part in some host-bacteria interactions (Mila et al., 1996) . Under ironlimited conditions, micro-organisms produce siderophores (low-molecular-mass biomolecules, 0.5-1.5 kDa) in order to scavenge ferric ions, which bind with high affinity to specific outer-membrane receptors. The major groups of siderophores for the chelation of Fe 3+ include hydroxamates, thiohydroxamates and catecholates (Richardson et al., 1999) . Because of their role in biological control of plant diseases, the production of siderophores by plantassociated bacteria has received major attention (Loper & Buyer, 1991) .
As an essential element for micro-organisms (Loper & Buyer, 1991) , iron also plays an important part in some host-bacteria interactions (Mila et al., 1996) . Under ironlimited conditions, micro-organisms produce siderophores (low-molecular-mass biomolecules, 0.5-1.5 kDa) in order to scavenge ferric ions, which bind with high affinity to specific outer-membrane receptors. The major groups of siderophores for the chelation of Fe 3+ include hydroxamates, thiohydroxamates and catecholates (Richardson et al., 1999) . Because of their role in biological control of plant diseases, the production of siderophores by plantassociated bacteria has received major attention (Loper & Buyer, 1991) .
The genus Paracoccus was first described by Davis et al. (1969) , and the description was later emended by Katayama et al. (1995) . It consists of Gram-negative, oxidase-and catalase-positive bacteria that show substantial metabolic versatility. Phylogenetically, the genus belongs to the a-3 subgroup of the Proteobacteria. In this study, an endophytic, brown-pigmented, siderophoreproducing bacterial strain, Zy-3 T , was isolated from root nodules of Sphaerophysa salsula, a native leguminous herb belonging to the family Leguminosae growing in northwestern China. Based on phenotypic and genotypic studies, it is concluded that this endophytic isolate represents a novel species within the genus Paracoccus.
The GPS coordinates for the sampling site from which strain Zy-3 T was obtained were 38 u 459 070 N 100 u 229 100 E. Healthy, non-ruptured nodules were carefully rinsed with sterile distilled water to remove soil, placed in a finemesh plastic holder and surface-sterilized by immersion in 95 % ethanol for 30 s and then in 5 % sodium hypochlorite for 3 min and finally rinsed eight times with sterile distilled water. The surface-sterilized root nodules were crushed on a sterile plate and bacteria were isolated on nutrient agar (NA) containing (per litre distilled water) 5.0 g NaCl, 5.0 g peptone, 1.5 g yeast extract, 1.5 g beef extract and 20 g agar, pH 7.2. Isolates were incubated at 28 u C, and the purity of the colonies was checked by repeated streaking of single colonies on plates and by microscopic examination. Pure cultures were preserved at 4 u C for temporary storage or in 20 % glycerol at 280 u C for long-term storage. Surface-sterilized nodules were rolled on NA plates and aliquots of the sterile distilled water from the final rinse solution were plated onto NA plates as controls to detect possible contaminants.
The Chromeazurol S (CAS) assay (Schwyn & Neilands, 1987) was used to detect siderophores. Routine cultivation was conducted at 28 u C on NA. The Gram reaction was determined by staining cells grown on NA at 28 u C for 24 h, according to the method described by Gerhardt et al. (1994) . Endospore formation was detected by malachite green staining. Cultured cells were adsorbed onto a sterile
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain T is GU129567.
Two supplementary figures are available with the online version of this paper.
filter after reaching the exponential growth phase and then fixed with 3 % glutaraldehyde in cacodylate buffer (0.1 M, pH 7.2) for 1 h at room temperature (Robinson et al., 1984) . The samples were washed, dehydrated with a graded ethanol series, critical-point-dried and sputter-coated with a gold film; samples were then examined in a JEOL JSM-6360 digital scanning electron microscope (Fig. 1) .
Strain Zy-3 T and reference strain Paracoccus halophilus CGMCC 1.6117
T (Liu et al., 2008) were grown on NA, and subjected to physiological and biochemical tests, including indole production from tryptophan, phosphate solubilization activity and chitinase activity according to Dong & Cai (2001) . To test for antifungal activity, spores of fungal cultures (Fusarium oxysporium, Alternaria burnsii and Rhizoctonia solani) were grown on potato dextrose agar (PDA) plates. An agar plug (5 mm diameter) taken from an actively growing fungal culture was placed to one side on the surface of a PDA plate. Test bacteria were streaked perpendicular to the agar plug on the opposite side, towards the edge of the plate. Plates inoculated with fungal agar plugs alone were used as controls. Plates were incubated at 28±2 u C until fungal mycelium covered the agar surface completely in the control plate, and zones of inhibition were recorded. A test was considered positive when bacteria interfered with the normal spread of the fungus and presented an inhibition zone in three replications. Sensitivity to antibiotics was examined by spreading cells (0.5 McFarland) onto NA and placing discs (Difco) on the plates containing the following antibiotics: ampicillin (100 mg), chloramphenicol (50 mg), kanamycin (50 mg), penicillin G (10 U) and streptomycin (50 mg). The diameters of inhibition zones were measured after 48 h of incubation at 28 u C.
To determine the optimal growth temperature of the test strain, cultures were incubated between 4 and 70 u C on NA plates for 7 days. The influence of pH on growth was determined between pH 3.0 and 11.5 by using appropriate biological buffers (Chung et al., 1995) , and growth was monitored by the OD 595 of the culture in nutrient broth (NB; as NA without agar) at 28 u C for 7 days on a shaker. NaCl tolerance was measured in NB at 1-9 % (w/v) NaCl, with shaking at 28 u C for 7 days. Motility was determined with an optical microscope using the hanging-drop technique (Skerman, 1967) . Acid production from some carbohydrates was detected using the method of Hugh & Leifson (1953) . Filter-sterilized carbohydrate solutions were added at 1 % (w/v), and acid production was recorded after 7 and 14 days of incubation. To test for growth on reduced sulfur and elemental sulfur, the test strain was cultivated for 14 days in Allen's medium (Allen, 1959) , which was modified by the addition of elemental sulfur, sulfide, thiosulfate or sulfite (each at 1 %) as energy sources, and the pH was adjusted to 6.5. Growth was monitored by measuring turbidity at 600 nm after 10 days of incubation at 28 u C with shaking. Starch hydrolysis was determined as described by Cowan & Steel (1965) . Denitrification was determined by growth and gas formation in a stab culture of NA containing 0.1 % (w/v) agar. Catalase activity was determined by the formation of bubbles in a 3 % H 2 O 2 solution. Oxidase activity was determined by oxidation of 1 % p-aminodimethylaniline oxalate. Urease production was determined as described by Lányí (1987) . Strain Zy-3 T and P. halophilus CGMCC 1.6117
T were cultivated for 3 days at 28 u C on trypticase soy agar (TSA) adjusted to pH 8.0. Harvesting, saponification, methylation and extraction of fatty acid methyl esters were performed according to Sasser (1990) . Fatty acid methyl esters were identified by GC-MS, as described previously (Lipski & Altendorf, 1997) . Quinones were determined as described by Collins (1985) and Wu et al. (1989) . The brown coloration of the bacterium was due to the biosynthesis of carotenoids within the cells. Pigments were extracted from the cells with acetone, and reversedphase HPLC of the extracted pigment was carried out by using procedures described previously (Fraser et al., 1997) with minor modifications. Carotenoids present in the sample were identified by comparing retention times with an individual reference standard (Sigma).
The DNA base compositions of strain Zy-3 T and P. halophilus CGMCC 1.6117
T were determined by thermal denaturation (Marmur & Doty, 1962 ) using 0.16 SSC (l6 SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The midpoint of thermal denaturation of DNA (T m ) was determined graphically after correction of absorbance values for thermal solvent expansion. The G+C content (mol%) was calculated from the following equation: G+C52.08T m -106.4, based on thermal denaturation in 0.16 SSC (Owen et al., 1969) . Total DNA was extracted according to the method of Terefework et al. (2001) and used as a template to amplify the 16S rRNA gene with primers fD1 and rD1 (Weisburg et al., 1991) . Procedures described by Van Berkum et al. (1996) were used for PCR amplification of the full-length 16S rRNA gene. 16S rRNA gene sequences were aligned using the programs in CLUSTAL_X version 1.83 (Thompson et al., 1994 (Thompson et al., , 1997 . Phylogenetic trees were reconstructed with sequence alignments of 1360 nt by the neighbour-joining method and the Jukes-Cantor model and bootstrapped with 1000 replications using TREECON version 1.3b (Van de Peer & De Wachter, 1994) , by maximum-likelihood analysis using the PHYLIP package (Felsenstein, 1989) and by maximumparsimony analysis using MEGA version 4.0 (Tamura et al., 2007) with 1000 bootstrap replications.
Compared with other Paracoccus species, strain Zy-3 T was characterized by growth at 4 and 60 uC. The optimal growth temperature was 28 u C. Growth was observed in 1-6 % NaCl, the optimum being 3 %; when the NaCl concentration in the medium was increased to 7 %, growth was slow, and no growth occurred in the presence of more than 8 % NaCl. Strain Zy-3 T was able to grow at pH 5-11, with optimum growth at pH 7.5. Further physiological and biochemical properties of strain T are provided in the species description and a comparison of strain Zy-3 T with P. halophilus CGMCC 1.6117 T is given in Table 1 . Strain Zy-3 T was capable of aerobic growth on CAS agar plates, and haloes formed around colonies, revealing that it produced siderophores. The antifungal activity of strain Zy-3 T was checked and the strain exhibited broadspectrum activity against test fungi, with inhibition zones 18.2-23.7 mm in diameter. Strain Zy-3 T was resistant to ampicillin, chloramphenicol and penicillin G and sensitive to kanamycin and streptomycin.
Strain Zy-3 T contains ubiquinone 10 as the sole quinone. The fatty acid profile (C 18 : 1 v7c, 74.98 %; C 18 : 0 , 5.15 %; C 10 : 0 3-OH, 1.47 %; anteiso-C 15 : 0 , 6.10 %; C 14 : 0 3-OH, 0.44 %; C 17 : 0 , 1.11 %; C 16 : 0 , 3.04 %) was characteristic of alphaproteobacteria. The major cellular fatty acid was C 18 : 1 v7c, and the major hydroxy fatty acid was C 10 : 0 3-OH. The fatty acid profiles of strain Zy-3 T and P. halophilus CGMCC 1.6117
T are compared in Table 2 . Carotenoid production was confirmed by HPLC analysis. One of the major carotenoids produced by strain Zy-3 T was b-carotene, which was identified by the retention time of the peak being almost identical to that of standard bcarotene (19.899 vs 19.988 min; see Supplementary Fig. S1 , available in IJSEM Online). The DNA G+C content of strain Zy-3 T was 67.1 mol%. 16S rRNA gene sequence analysis indicated that strain Zy-3 T was related to P. halophilus T with the highest similarity, 96.6 %. Other closely related species included Paracoccus solventivorans (96.1 % similarity to the type strain), P. versutus (96.0 %) and P. pantotrophus (95.3 %). Phylogenetic trees were constructed with the neighbour-joining (Fig. 2) , maximum-parsimony ( Supplementary Fig. S2a ) and maximum-likelihood ( Supplementary Fig. S2b ) methods. These methods generated slightly different tree topologies, but strain Zy-3 T and P. halophilus HN-182 T generated a coherent cluster in all three trees. Maltose
67.1 67.2 *Zones of inhibition were measured from the edge of the disc to the edge of the clear zone. -, Resistance (inhibition zone ,2 mm); +, sensitivity (inhibition zone ¢2 mm). Combining the phenotypic and genotypic differences stated above, it is concluded that strain Zy-3 T represents a novel species of the genus Paracoccus, for which the name Paracoccus sphaerophysae sp. nov. is proposed.
Description of Paracoccus sphaerophysae sp. nov.
Paracoccus sphaerophysae (sphae.ro.phy9sae. N.L. gen. n. sphaerophysae of Sphaerophysa, a genus of leguminous plants, referring to the origin of the type strain).
Cells are Gram-negative, non-motile, aerobic, non-sporeforming rods and grow as single cells (0.4-0.861.1-2.7 mm) or as pairs to short chains. Colonies on NA are circular, smooth, convex, non-glossy and cream-white to brown. Growth occurs at 4-60 u C (optimum 28 u C), 1-6 % NaCl (optimum 3 %) and pH 5-11 (optimum pH 7.5). The type strain, Zy-3 T (5ACCC 05413 T 5HAMBI 3106 T ), was isolated from root nodules of Sphaerophysa salsula, a native legume growing in north-western China. T was used as an outgroup. Bar, 1 % nucleotide substitution. Maximum-parsimony and maximumlikelihood trees are available in Supplementary Fig. S2 .
